One theory of the evolution of longevity says that improvement in life span is dependent on an increased ability to resist environmental stresses of all kind. Selective breeding of Drosophila melanogaster populations for longevity has demonstrably increased life span and also altered a number of other traits, such as resistance to starvation, desiccation, and ethanol fumes, and the ability to sustain longer flight. While the exact physiologic basis of some of these traits is not yet fully understood, at least some are known to derive from the properties of metabolic substrates of glycolysis. Improvement in those characters can depend partially, therefore, on altered stores of metabolites created from glycogen. Based on the known general relationship of some traits and the suspected basis in metabolism of others, we examine the possibility here that increased life span is accompanied by other traits that also confer physiologic resistance to stress. Specifically, we test the prediction that long-lived populations of fruit flies should be more resistant to low (prefreezing) and freezing temperature extremes. Both selected and control populations were found to be susceptible to prefreezing (1.5°C) and freezing temperatures (0°C) here, but adults and pupae of the long-lived populations generally survived better in both situations, and at all durations of exposure. The resistance of individuals improved with acclimatization, but was superior in the long-lived populations whether thermal decline was rapid or stepwise. Cold resistant, long-lived populations also had significantly higher in vitro levels of glycerol, a cryoprotectant metabolite produced from glycogen. However, while adults and pupae of long-lived stocks were more resistant to cold, larvae of those stocks were more sensitive and survived relatively poorly at every length of exposure and acclimation. This surprising result implies that larvae maintain lower levels of cryoprotectant substances. Upon becoming pupae, however, stage-specific capabilities for environmental resistance and long life emerge. This conclusion agrees with a prior study of these stocks indicating that the uptake and use of nutrients in developing larvae are restricted in long-lived populations.
T HE survival and response of an organism to the agents of natural destruction depend not only on its array of individual life historic and physiologic parameters, but also on the relationship between them. Particular environmental challenges may be met by specific life historic or physiologic defenses, but complex environmental challenges are thought to be better met by a coordinated response among several traits related in a pleiotropic genetic relationship. Because of their possible relationship to genes that determine life span, variations in physiologic and/or life historic traits have become an object of active interest in themselves, in studies of the evolution of longevity.
Proof of the genetic basis for life span has been firmly established for yeast (1, 2) , the nematode Caenorhabditis elegans (3) (4) (5) , and the fruit fly, Drosophila melanogaster. In the latter, programs of selective breeding have produced replicate stocks of long-lived individuals that, together with their control populations of short-lived individuals, descend from a common ancestral population isolate (6) (7) (8) (9) . These populations have provided a demonstration of both the genetic control and the effectiveness of selection at molding life span, but give no hint as to the identity of the gene(s) or physiologic basis by which life span has been increased. For investigation of this, studies of such stocks have turned to the examination of characteristics found empirically to have been altered, along with life span, under selection.
Several such traits have been described. Selection for life span causes some traits to increase in a population, while diminishing others. Those showing positive correlation with longevity include characters such as flight duration (10) (11) (12) , starvation, desiccation, and ethanol resistances (13) (14) (15) . Early life fecundity, on the other hand, has appeared to be negatively or antagonistically correlated and declines as selection lengthens life span (6) (7) (8) . Although such a negative genetic correlation between these two traits was predicted by the theory of the pleiotropic genetic control of life span (16) , some tests more focused on this issue have found the correlation to be ephemeral or altogether absent (17, 18) . Alternatively, traits varying positively under selection have shown clear and strong correlations. For example, reversed selection for short life has been applied to the starvation-, desiccation-, and ethanol-resistant, longlived populations (7, 14) and has shown those traits to decline. A similar reversal has been described for flight ability in those same stocks (19) . This trend has also been shown for other characteristics (20) . Considered as components in the fruit fly's defense strategy for coping with environmental stresses, traits such as desiccation and starvation resistance or flight duration appear to provide distinctly different advantages. But do they really? Evolutionary studies have traditionally relied on blanket explanations of linkage and/or "unconscious selection" for understanding covariation in multiple characters, but a more parsimonious explanation for the systematic variations seen in multiple, independently confirmed exper-
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Downloaded from https://academic.oup.com/biomedgerontology/article-abstract/53A/2/B147/571060 by guest on 10 February 2019 iments such as these might lie elsewhere. One possibility is that the traits may covary with life span because they share a close and common biochemical advantage in metabolism that provides a basis for their advantage in survival. That is, the resistances to starvation, desiccation, ethanol fumes, and flight duration all depend to some degree on the metabolic precursor glycogen for generating substrates that provide these physiologic properties, or they at least covary with it. Flight duration, for example, is determined exclusively and directly by the quantity of glycogen available as stored reserves (21) . Starvation resistance is not independent of flight. It involves the use of glycogen, as well as lipid reserves. Ethanol resistance covaries with all of these (22) . To the extent that greater energy stores enhance survival, life span should be extended here under both stressful and nonstressful conditions.
The discovery of most of these traits and their covariation with life span has largely been empirical, resulting in some instances from accidental observations and in others from careful scrutiny in specifically designed experiments. Outside of observing the response of characters in populations under selection, no method or means exists by which pleiotropic or other covariates can reliably be predicted for any trait. Given that the physiologic characters in this group vary together, it seems reasonable to ask whether other traits sharing the same functional biochemical basis could also be predicted.
One possible physiologic mechanism that might permit this relates to the production and function in metabolism of glycerol and other polyhedric alcohols. In insects, glycogen is the precursor of substances that provide a number of different physiologic functions. Figure 1 shows the pathway by which glycogen and glucose give rise to the polyols glycerol and sorbitol. Substantial quantities of the latter have been positively identified in postmortem individuals of the longlived stocks of this laboratory (23) . They provide two similar protective physiologic functions. First, their colligative properties confer resistance to low and freezing temperatures by depressing the supercooling point of cellular and intracellular fluids (24) (25) (26) . They are also thought to provide protection against freezing by their ability to "bind" or linearize nearby water molecules, which helps prevent the denaturation-like process that proteins undergo in freezing (24, 25) . This particular molecular property also increases the ability to take up and store water and consequently also enhances the ability to resist desiccation. Thus, the production of polyols in glycolysis should at least contribute to the capability for resisting both low temperature and desiccation. One study found a generally consistent trend in that direction, which narrowly lacked significance (23) .
Understanding the ability to resist cold and desiccation from the synthesis of polyols from glycogen will broaden our understanding of the relationship between life span and its correlated physiologic characters and may also contribute toward another area, specific to the biology of Drosophila itself: that is, how northern populations of D. melanogaster overwinter, without undergoing diapause (27) . Based on the known effects of selection for life span on flight and on other traits that depend in early metabolism on reserves of glycogen, this study poses the question of whether the ability to resist prefreezing and freezing low- temperature stress has also been increased by selection for life span.
METHODS AND MATERIALS
Stocks previously developed in this laboratory were used for measurement (8) . These are the same populations in which enhanced flight duration was originally discovered as a covariate of life span (10, 11) . Life span in replicates selected for longevity is at least 75% greater than that of control lines. Except during exposure to low temperatures in experiments, all populations were maintained at 25°C and at a 12 h/12 h L/D regimen. All populations were raised on yeast-sucrose-agar (8) , and development of all individuals occurred at a high and uncontrolled density of larvae.
Survival under stress exerted by exposure to low temperature can place complex demands on physiologic capabilities of an organism. Surviving a seemingly "simple" physiologic stress such as low temperature may depend on such complex variables as the absolute value of low temperature reached and duration of exposure at that temperature, the rate at which an individual is brought to that low temperature, the rate of reacclimation to higher temperatures after exposure, or the history of individuals and/or their extent of prior exposure to similar stresses. Other significant factors less easily measured in experiments might include behavior while stressed or the ability to locate suitable refugia in which survival is assured. Clearly, no laboratory can provide an accurate simulation of the stressful excursions that populations undergo in nature. It can, however, provide evidence about the genetic and physiologic basis of resistance to stresses and their extremes.
Mortality from exposure to low temperatures may be broadly consigned to two functionally different categories: prefreezing mortality, or that above 0°C; and that occurring at or below freezing down to the supercooling point for the organism (28) . Two temperatures were chosen for comparing resistance in populations with long life and flight versus short-lived, short-flying control populations. A temperature of 1.5°C was chosen for the assessment of mortality at a prefreezing temperature, in addition to measurement under freezing conditions (0°C). For measurement of mortality, 10 individuals of the same sex were placed in each of 15 vials containing 15 cm 3 of yeast-sucrose-agar for exposure at low temperature. The presence of media in the vials may possibly increase mortality by innoculative freezing from the release of surface moisture and humidity. Without the media, however, desiccation might contribute more heavily to mortality. The presence of media also provides food for recovering individuals and eliminates the necessity of handling or transferring flies to food vials while in a frozen or near-frozen state of recuperation.
Another factor that might affect survival at low temperatures is the presence or absence of acclimation. Rapid thermal decline without acclimation is calamitous. Survival depends on the levels of cryoprotectant substances that are present and maintained at permissive temperatures. The gradual adjustment to low temperatures in acclimation, however, permits the generation of cryoprotectants of various kinds and increases the demand on the organism's ability to synthesize greater levels of cryoprotectant than ordinarily maintained and/or permits the production of others that are specifically for low-temperature stress. Experiments with some insects have provided periods of acclimatization extending over days or even weeks (29) . Drosophila populations of this study were acclimated by being held first for 12 h at 15°C, followed by 12 h at 10°C, before their exposure to 0°C as in previous studies (30) . In tests without the benefit of acclimation, larvae, pupae, or adults were reduced in a single step from 25°C to 0°C.
The duration of exposure to low temperatures was determined by conducting preliminary studies of mortality at each temperature. Exposure was varied by withdrawing samples at prescribed intervals over a period of about 48 h and observing their subsequent survival. In this way, a range of exposures was selected, across which mortality varied widely, in experiments both where temperature was reduced rapidly and in those where acclimation was allowed. Using this exposure schedule, experiments subjected 8-15 replicate populations, comprised of 10 adults of the same age and sex, to low temperature. The range of exposures varied from 16 to 40 h for adults at 1.5 or 0°C, from 10 to 20 h for pupae at 0°C, and from 10 min to 4.0 h for larvae at 0°C.
Because of the large number of individuals needed to determine survival for even a single exposure time, populations could not be drawn from the same cohort. Samples raised at different times are therefore compared here, and one source of variation in measurements can arise as a consequence of population density and the effect it exerts on nutrient use in developing larvae (31) . The age of flies tested was constant for all experiments. Numbers of survivors in experimental populations are expressed in figures as percent survival at the various durations and temperatures of exposure.
For analysis, the number of survivors in each experimental population at the various durations and temperatures of exposure was expressed as a percent, to which the arcsine transform was applied. Transformed data were analyzed in a three-factor, partially hierarchical ANOVA, with the fixed (model I type) factors being exposure and selection. The random (model II) factor was "replicate nested within selection." The term "replicate" refers either to two longlived or two short-lived populations. That term was crossed with exposure for the term "exposure by replicate within selection." This ANOVA was performed as a mixed (model III) analysis using SPSS version 6.1.2. A comprehensive analysis of the effect of selection on ability to resist low temperature across all experiments was provided in a metaanalysis (32) using Fisher's (33) inverse chi-square method. This last test examines the effect of selection across all experiments and conditions applied to adult populations here by combining their/?-value probabilities.
Glycogen, the metabolic precursor of polyols, was also measured in populations of these stocks. The method used for this depends on the highly specific digestion of glycogen to glucose by the enzyme amyloglucosidase (34) . Total soluble protein was measured by the bicinchroninic acid (BCA) method (35) . For these estimates, 20 samples of 10 whole adult individuals of each stock were used. Glycerol was measured in samples of 10 females each from populations that had been acclimatized stepwise to 0°C (36) . Values of glycogen and glycerol were compared within a replicate and sex by t test (one-tailed).
RESULTS
In Table 1 the mean ± 95% confidence intervals for glycogen and glycerol levels are compared in populations in adult males and females kept at 25°C. One-tailed t tests indicate that significantly greater levels of glycogen (p < .05) are found in long-lived populations in three of four comparisons under standard culture conditions. This corresponds to the established advantage in flight duration of long-lived populations (10, 11) . Long-lived populations also maintain a higher total glycerol concentration, which can affect their ability to resist freezing. Figure 2 indicates typical results obtained comparing survival in populations at low temperature. For long-and short-lived females (upper graph), temperature is decreased without acclimation to 0°C and in the lower graph, temperature is decreased (for males) to 1.5°C. Table 2A compares the significance levels of F values for effects and interactions of partially hierarchical ANOVAs of populations subjected to low temperature. Of the six comparisons of adults, three indicate a significant (p < .05) or highly significant (p < .01) advantage of the long-lived, whereas three other analyses do not. The collective outcomes of these analyses, three significant and three not, seems to indicate that long-lived individuals have no clear or predictable advantage with respect to cold resistance. However, the fact that all nonsignificant probabilities (p values) are low and close to the level at which a = .05 suggests that a combined comparison (meta-analysis) might give a clearer overall picture of the trend in test results. In Table 2B the inverse chi-square analysis of tests is used to compare adult survival across experiments. The calculated sum for the meta-analysis of combined study results far exceeds that for the null hypothesis (-2 Z Log p = 44.39 > C = 5.23, df = 12, p < .001). The combined analysis of all six tests of cold resistance thus indicates that long-lived adults have a highly significant overall advantage at both prefreezing and freezing temperatures and under two regimens of thermal decline. Pupae of long-lived stocks show that advantage also for one combination of those variables (p = .011). The inclusion of values for pupae with those for adults would only increase the significance of that comparison (not shown). Sex was undetermined in pupae and larvae tested. Table 2A indicates that the effect of selection is significant in one comparison of larval populations and nearly significant (p = .051) for the other, but these comparisons require different interpretation than those for adults. The respective advantage of the long-lived populations is in fact reversed in comparisons of larvae from those for adults and pupae. That is, as Figure 3 shows, larvae of the long-lived populations are more sensitive and exhibit higher mortality, whereas larvae of short-lived populations are heartier and more resistant at all low-temperature exposures (p = .051; p = .O22).
DISCUSSION
These experiments indicate that:
1. Whether subjected to a rapid temperature reduction or acclimated more slowly to prefreezing or freezing temperatures, pupae and adults of populations selected for greater life span are more resistant to stress from low temperature. Stepwise acclimation improves resistance to low temperature of both short-and long-lived populations, but the latter still have a relative advantage when test results are combined for comparison. 2. In vitro measurements of the cryoprotectant glycerol and its precursor glycogen show significantly higher levels in long-lived stocks, corresponding to the respective resistance of stocks to low and freezing temperatures. 3. While adults and pupae of long-lived stocks are more resistant to freezing temperatures, larvae of those same populations are significantly less resistant to low temperature.
Studies describing the correlated responses of traits under selection for life span have documented an aggregate of at least six traits including two physiologic indicators of the metabolic basis on which these traits wholly or partially depend. Characters covarying with life span include fecundity (6, 7, 8, 37) , starvation, desiccation resistance, resistance to mild ethanol fumes (13, 15) , and duration of tethered flight (10, 11, 38) . We have used this latter character and its relationship to the substrate glycogen, on which it depends, to predict the ability to resist low temperature. The prediction in this case is that higher levels of glycogen, manifested in the longer tethered flight of selected stocks, may 
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HOURS AT 0° C. Vertical lines indicate means and 95% confidence intervals for survival in 6-day-old larvae of paired stocks brought without acclimatization from 25 to 0°C and in (lower) 6-day-old larvae of paired stocks acclimated stepwise from 25 to 0°C. Larvae of long-lived populations survive more poorly under both experimental conditions. also provide higher levels of cryoprotectant polyols and thus improve resistance to low temperature.
The results of this study require cautious and limited interpretation with respect to identifying the causal factor(s) in the metabolism of glycogen that determine resistance. Whereas excess glycogen is the acknowledged determinant of flight duration, the presence of excess glycerol does not by itself identify it as the crucial cryoprotectant. Where it is present in large quantity, glycerol can provide a substantial contribution to cold resistance in insects, but it is only one of several possible cryoprotectant osmolytes. These also include the sugars glucose and trehalose (39) , polyols such as sorbitol (40), threitol, propylene glycol (41), or thermal hysteresis proteins (42) (43) (44) (45) . None of these others was measured here and thus, any one could actually be providing the critical defense. However, the physiologic properties of glycerol do ensure that it must at least contribute to improved survival at low temperature.
These experiments show that the larvae of long-lived populations are far more sensitive to low temperatures. These results correspond to those of a previous study, which demonstrated that in vivo uptake and incorporation of radiolabeled glucose in food is as much as 70% less in late third-instar larvae of these same long-lived populations (31) . One consequence of this is that those larvae are more in need of and reliant on a permissive environment with respect to food and temperature for continued success. They are likely also to be competitively inferior to their short-lived controls. Considered all together, these results suggest that larvae of stocks with long adult life are less vigorous in some respects than those of short-lived control populations. Clearly, under selective breeding, cold resistance has improved with life span in adults at the cost of robust larval development.
The fact that the uptake and incorporation of nutrients limit vigor in larvae of long-lived individuals, yet adults are more robust, live longer, and have higher levels of metabolites such as glycogen and cryoprotectants, prompts the question of which alteration(s) in metabolism would be necessary for such a shift to occur. The fact that uptake is limited and glycogen levels are low to absent in larvae (not shown here) suggests that glucosyl residues are being prevented from entering glycolysis. Measurements using the same method of radiolabeling food indicate that intake is comparable just after eclosion of short-and long-lived adults, though the latter accumulate glycogen and glycerol to high levels as they age. Identifying such a difference in metabolism is beyond the scope of this study.
The results of the experiments allow some tentative conclusions to be drawn that relate to the maintenance of variability in life span in natural populations. It has been pointed out (46) that selection is not likely to favor reproduction in nature by older individuals and thus is not likely to promote long life. Selection often, however, favors the postponement of reproduction, allowing the conservation of energy and resources until unfavorable conditions have passed. This study indicates that selection for long life confers resistance to low temperature on adults. Larvae of long-lived populations, however, are less robust and depend on more constant and permissive conditions during development. Selection for early reproduction and consequent short life, on the other hand, produces individuals that are vigorous as both adult and larvae. This combination of vigor in both the larval stage and adult seems to provide the widest strategic capability for a species to meet the challenge of environments that vary. With it, populations would include individuals capable of a high reproductive rate at an early age, allowing the exploitation of new environments in favorable times, while at the same time, others of that population would have the ability to conserve reproduction, live long and tolerate adversity, as reproductively capable adults in the worst of times.
This study tests the hypothesis that populations made long-lived through selective breeding for life span are also resistant to low temperature. This prediction was arrived at by considering other, empirically discovered physiologic traits, and their known basis in metabolism. Yet other superior physiologic capabilities must also exist in these stocks, if only because their capacity for longer life requires foremost the ability to surmount diverse environmental stresses, to which shorter-lived individuals eventually succumb. One study of thermal stress resistance in C. elegans arrived at this conclusion (47) . A single mutation of the Age-1 gene was found to simultaneously increase both life span and the tolerance to heat. Based on this, it was suggested that genes increasing longevity confer wide-scale resistance to environmental adversity by enhancing the effectiveness of antioxidant defenses (48) . A generalized mechanism relating nutrient restriction to antioxidant production has been described in that context (49) . Our results here generally agree with the idea that longer-lived individuals are more robust with respect to environmental stress from low temperature at least, with the added observation that resistance appears to be specific to particular stage(s) in the life history of the animal.
